Fruit ripening is a developmental process that is associated with increased susceptibility to the necrotrophic pathogen Botrytis cinerea. Histochemical observations demonstrate that unripe tomato (Solanum lycopersicum) fruit activate pathogen defense responses, but these responses are attenuated in ripe fruit infected by B. cinerea. Tomato fruit ripening is regulated independently and cooperatively by ethylene and transcription factors, including NON-RIPENING (NOR) and RIPENING-INHIBITOR (RIN). Mutations in NOR or RIN or interference with ethylene perception prevent fruit from ripening and, thereby, would be expected to influence susceptibility. We show, however, that the susceptibility of ripe fruit is dependent on NOR but not on RIN and only partially on ethylene perception, leading to the conclusion that not all of the pathways and events that constitute ripening render fruit susceptible. Additionally, on unripe fruit, B. cinerea induces the expression of genes also expressed as uninfected fruit ripen. Among the ripening-associated genes induced by B. cinerea are LePG (for polygalacturonase) and LeExp1 (for expansin), which encode cell wall-modifying proteins and have been shown to facilitate susceptibility. LePG and LeExp1 are induced only in susceptible rin fruit and not in resistant nor fruit. Thus, to infect fruit, B. cinerea relies on some of the processes and events that occur during ripening, and the fungus induces these pathways in unripe fruit, suggesting that the pathogen itself can initiate the induction of susceptibility by exploiting endogenous developmental programs. These results demonstrate the developmental plasticity of plant responses to the fungus and indicate how known regulators of fruit ripening participate in regulating ripening-associated pathogen susceptibility.
Plant interactions with the biosphere include encounters with diverse microorganisms. A plant becomes infected when it does not limit colonization by pathogenic microorganisms that eventually interfere with the essential activities of the plant cells. Events in the plant host, in addition to processes initiated by the pathogen during the infection, result in resistance or facilitate susceptibility.
The resistance of a plant toward a pathogen depends on the inherited characteristics of the two organisms (Agrios, 2005) . However, not all organs or tissues respond equally to invading microorganisms, and susceptibility can depend on development in the organ. For example, in many pathosystems, such as powdery mildew (Erysiphe necator) on grape (Vitis vinifera) and stripe rust (Puccinia graminis f. sp. tritici) on wheat (Triticum aestivum), young leaves are more susceptible to infections than older ones (Doster and Schnathorst, 1985; Lalancette and Hickey, 1985; Qayoum and Line, 1985; Reuveni et al., 1986; Roumen et al., 1992) . The transition that fruit undergo during ripening is another example of a developmental process that is coincident with increased susceptibility.
Ripe fleshy fruit are more susceptible to disease and decomposition than unripe green fruit (Prusky, 1996) . The increased susceptibility of ripe fruit to opportunistic pathogens is likely to facilitate the dispersal of mature seed (Gillaspy et al., 1993; Prusky, 1996) . Fruit ripening is a complex, developmentally regulated network of processes and events encompassing alterations in gene expression and chemical and physiological changes. The textural, metabolic, organoleptic, and nutritional properties of ripening tomato (Solanum lycopersicum) fruit have been investigated, and the concurrent increase in susceptibility is mentioned frequently (Giovannoni, 2001 (Giovannoni, , 2004 (Giovannoni, , 2007b Alba et al., 2005) . The increased susceptibility of ripe fruit to pathogens may be an inherent outcome of ripening, or, alternatively, the susceptibility of fruit may require only some of the events and processes of ripening. Among the processes that occur during ripening, the disassembly of cell walls as fruit soften is crucial for 1 This work was supported by the National Science Foundation (grant no. IOB 0544504). D.C. was supported by the Department of Plant Sciences, University of California at Davis, and B.B.-U. was supported by the Consejo Nacional de Ciencia y Tecnología (Ministerio de Ciencia y Tecnología, Costa Rica) and by the Vicerrectoría de Vida Estudiantil y Servicios Académicos (Instituto Tecnoló gico de Costa Rica).
susceptibility (Cantu et al., 2008a) . Ripening in tomato fruit is regulated by ethylene and transcription factors, including NON-RIPENING (NOR or NAC-NOR), RIPENING-INHIBITOR (RIN; Vrebalov et al., 2002) , and COLORLESS NON-RIPENING (Manning et al., 2006) . Mutations in the genes for these transcription factors result in fruit that fail to complete normal ripening (Vrebalov et al., 2002; Manning et al., 2006; Giovannoni, 2007b) . Ethylene is perceived by His kinase ethylene receptors (Chang and Shockey, 1999) , and a mutation in the receptor, LeETR3 (NEVER-RIPE [Nr] ), interferes with ethylene perception, significantly delaying fruit ripening (Wilkinson et al., 1995) . How susceptibility and other processes that constitute the ripening syndrome are regulated independently and cooperatively by these transcription factors and the production and perception of ethylene is not fully understood (Cara and Giovannoni, 2008) .
The interaction of tomato fruit with the ascomycete Botrytis cinerea (teleomorph Botryotinia fuckeliana) is a model pathosystem for investigating necrotrophic microorganisms (Powell et al., 2000; Company and Gonzalez-Bosch, 2003; Flors et al., 2007; Cantu et al., 2008a Cantu et al., , 2008b . B. cinerea is an opportunistic pathogen with a broad host range and is notoriously aggressive on fleshy fruit. Dissection of B. cinerea pathogenicity and virulence has been assisted by the development of molecular and genetic tools, including the availability of sequenced and annotated genomes of the strains B05.10 and T4 (ten van Kan, 2006) . During B. cinerea infections of plant tissues, cell wall-degrading enzymes are secreted by the fungus. Although some of these enzymes are required for virulence (ten Have et al., , 2001 Kars et al., 2005) , the fungus fails to infect ripe fruit in the absence of endogenous fruit cell wall disassembly (Cantu et al., 2008a) .
Plant vegetative tissue responses to infection with B. cinerea have been studied extensively in Arabidopsis (Arabidopsis thaliana) and, to a lesser extent, in tomato (Glazebrook, 2005) . A complex cross talk of signaling pathways is known to regulate pathogen virulence and the resistance of vegetative tissues to B. cinerea. Ethylene and jasmonic acid limit infections of Arabidopsis and tomato leaves (Ferrari et al., 2003; Mengiste et al., 2003; AbuQamar et al., 2006; Zheng et al., 2006) , but the role of salicylic acid is ambiguous (Ferrari et al., 2003) . However, since ethylene promotes ripening, it may contribute to fruit susceptibility, in contrast to its role in infected leaves. The congruence of the hormonal regulation of fruit ripening and fruit susceptibility suggests that processes that provide resistance or allow infections in fruit may differ from those in vegetative tissues.
The roles of the regulators of ripening in the susceptibility of fruit to pathogens have not been explored, although historically it has been assumed that, in the absence of ripening, fruit susceptibility would be limited. To test this assumption, we examined the responses of unripe green and ripe tomato fruit to B. cinerea and the impact of NOR, RIN, and ethyleneregulated developmental pathways on susceptibility and responses of fruit to the fungus. Our results indicate that whether the fungus is able to invade and grow on fruit depends on the activation of some, but not all, of the pathways that constitute fruit ripening.
RESULTS

Infections of Mature Green and Red Ripe Tomato Fruit
When mature green (MG) unripe tomato ('Ailsa Craig' [AC]) fruit were inoculated with an aqueous suspension of 5 3 10 3 conidia of B. cinerea, growth of the fungus at 1 d post inoculation (1 dpi) was limited to the puncture sites and soft rot symptoms did not develop in most cases (approximately 80%; Fig. 1 , A-C, H, and I). In contrast, when red ripe (RR) fruit were inoculated, tissue rotting and fungal growth were evident at 1 dpi and became extensive throughout the surrounding pericarp tissue (Fig. 1, D -G) . At 3 dpi, growth of the hyphae, observed using a GFPexpressing strain of B. cinerea, extended 2 to 3 mm into the RR fruit tissue (Fig. 1G ), but fungal growth was limited to the surface of the inoculated site in MG fruit (Fig. 1H) . On MG fruit, a necrotic response was observed at the sites of infection as early as 1 dpi (Fig. 1 , A-C and I) but not in wounded, uninoculated sites ( Fig. 1 , insets in A-C and I) and rarely in inoculation sites on RR fruit (Fig. 1, D-F) . In MG fruit, B. cinerea caused the accumulation of hydrogen peroxide around the inoculation sites three to four cell layers deep, beyond the cells that displayed the necrotic response (Fig. 1 , A, J, and M). Wounding alone resulted in a less intense oxidative burst that was detectable only on the surface of the site and barely visible within the pericarp cells (Fig. 1, K and N) . B. cinerea induced lignin (Fig. 1L ) and suberin ( Fig. 1O ) accumulation at the sites of inoculation but not in wounded, uninoculated sites of MG fruit.
Regulation of Fruit Ripening and Susceptibility
To understand how regulators of fruit ripening influence the susceptibility to B. cinerea, evaluations of infections of fruit from the tomato ripening mutants rin, nor, and Nr in the AC background were made. Fruit at two ripening stages, 31 DPA (dpa; equivalent to wild-type MG AC fruit) and 42 dpa (equivalent to wild-type RR AC fruit) were inoculated, and lesion development (Fig. 2 ) and accumulated fungal biomass (Fig. 3) were measured. As expected, the disease incidence, disease severity (Fig. 2) , and fungal biomass accumulation (Fig. 3) were greater on wild-type RR AC fruit than on MG fruit.
Since they do not ripen normally, rin and nor mutant fruit fail to soften and do not develop red color (Tigchelaar et al., 1973; Thompson et al., 1999) . At 31 and 42 dpa, nor fruit were significantly less susceptible to B. cinerea compared with wild-type MG or RR fruit (Fig. 2, B , D, and E, and Fig. 3 ). The severity of the symptoms of disease (Fig. 2, C and D) and the accumulation of fungal biomass (Fig. 3 ) in infected rin fruit at 31 and 42 dpa were indistinguishable or greater than those of inoculated wild-type MG or RR fruit. Thus, the ripening pathways that allow B. cinerea to grow on ripe fruit are controlled by NOR and only slightly, or not at all, by RIN.
Perception of Ethylene and Fruit Susceptibility
Ethylene regulates climacteric tomato fruit ripening, and ripening fruit produce ethylene (Table I; Alexander and Grierson, 2002) . No significant increase in ethylene evolution from MG and RR wild-type fruit inoculated with B. cinerea was observed at 1 dpi (Table I) , although significant accumulation was observed at 3 dpi. Uninoculated rin and nor fruit produced less ethylene at all ripening stages compared with uninoculated wild-type fruit (Table I; Herner and Sink, 1973; McGlasson et al., 1975a McGlasson et al., , 1975b Thompson et al., 1999) .
Ethylene production in infected wild-type, rin, nor, and Nr mutant fruit was measured at the two ripening stages evaluated for susceptibility (Table I) . Inoculation of 31-dpa rin fruit led to a 15-fold increase in Figure 1 . B. cinerea on inoculated tomato fruit. A to C, Infection sites on the fruit surface of MG fruit at 1 (A), 2 (B), and 3 (C) dpi. A dark ring of necrosis is visible within 1 dpi. No ring is seen in water-inoculated sites (insets). D to F, Infection sites at 1 (D), 2 (E), and 3 (F) dpi of RR fruit. No necrotic ring is seen, and mycelium growth is slight at 1 dpi but expanding at 2 and 3 dpi. Watersoaked macerated tissue (asterisks) beyond the mycelia is apparent at 2 and 3 dpi. G and H, RR (G) and MG (H) fruit inoculated with B. cinerea B05.10 expressing GFP at 3 dpi. On RR fruit (G), mycelia have spread throughout the pericarp; on MG fruit (H), mycelia spread is limited to the inoculation site surface. I, Transverse section through a MG inoculation site at 3 dpi (as in C) demonstrates that the dark necrotic ring surrounds the entire inoculation wound site. J, K, M, and N, 3,3#-Diaminobenzidine staining of hydrogen peroxide viewed from the surface of the inoculated (J) and wounded (K) fruit demonstrates that within 1 dpi, B. cinerea induces hydrogen peroxide accumulation at the site of inoculation. ethylene production at 3 dpi compared with 1 dpi; no increase at 3 dpi was observed following inoculations of nor fruit at the equivalent stage, and ethylene production increased only 3-fold by 3 dpi in inoculated wild-type MG fruit. Although Nr fruit were fully resistant to B. cinerea at 31 dpa and partially resistant at 42 dpa (Fig. 2 , A and C, and Fig. 3 ), inoculations at both stages resulted in an increased production of ethylene, similar to the increase observed in infected wild-type AC fruit (Table I ). The mutation in the ethylene receptor LeETR3 (Nr) slows the typical ripening-associated fruit changes and reduces but does not eliminate sensitivity to ethylene, possibly due to the compensating accumulation of other receptors (Rick and Butler, 1956; Tieman et al., 2000; Alba et al., 2005) . In the AC background, the Nr mutation reduces but does not eliminate ethylene sensitivity, resulting in a weak phenotype that may explain the incomplete resistance of Nr fruit at 42 dpi (Lanahan et al., 1994; Yen et al., 1995) .
To further test the role that ethylene perception plays in the ripening-associated increased susceptibility of fruit to B. cinerea, infections of MG and RR wild-type and 42-dpa rin mutant fruit were assessed following treatment of the fruit with the ethylene receptor inhibitor 1-methylcyclopropene (1-MCP; Fig.  4 ). Treatment of wild-type MG AC fruit with 1-MCP for 18 h was sufficient to block further ripening of concurrently harvested and treated fruit. Treatment of wild-type MG fruit with 1-MCP caused a significant 50% reduction in susceptibility when compared with untreated controls at 3 dpi. Treatment of rin fruit with 1-MCP resulted in a small (12%), although significant, reduction in susceptibility compared with untreated rin fruit. 1-MCP treatment did not lead to increased resistance of wild-type RR fruit. Because disease Figure 2 . Susceptibility of tomato ripening mutants to B. cinerea. A and B, Disease incidence (percentage of inoculation sites with soft rot symptoms) of MG fruit (A; 31 dpa) and RR fruit (B; 42 dpa). C and D, Disease severity (e.g. diameters of expanding soft rot lesions) for inoculated MG (C) and RR (D) fruit. Different letters indicate significant differences between genotypes at a given time point (P # 0.01; error bars indicate SE; n = 5). E, Representative inoculated fruit (3 dpi) for each genotype and ripening stage.
Developmentally Regulated Susceptibility to Pathogens Plant Physiol. Vol. 150, 2009 symptom development and the accumulation of fungal biomass are reduced in the partially ethyleneinsensitive Nr fruit and because the ethylene-responsive nor fruit are resistant at 31 and 42 dpa, the susceptibility of these fruit after 1-MCP treatment was not assessed.
Transcriptional Profiling of Fruit Responses to B. cinerea
To characterize fruit gene expression in response to B. cinerea during ripening, tomato transcriptome analysis was carried out using RNA prepared from wildtype AC MG and RR fruit at 1 dpi, showing symptoms as in Figure 1 (A and D) . RNA was isolated from the infection sites and the immediately adjacent tissue and from healthy and wounded but not inoculated MG and RR fruit. Three biological replicates were prepared for each ripening stage and each treatment. To identify the sources of variation, principal component analysis using the robust multiarray average (RMA)-normalized expression data for all probe sets confirmed that the data were consistent within biological replicates, since the hybridizations of replicates clustered tightly (Fig. 5A) .
The primary principal component (PC1) accounted for 78% of the variation and differentiated between the MG and RR ripening stages, suggesting that most of the variation was associated with ripening. PC1 also differentiated between wounded and inoculated MG samples. A second principal component (PC2) accounted for 9% of the variation and differentiated between treatments (healthy versus wounded or infected) within each ripening stage. The same clustering and distribution were observed when the data were normalized with MAS5.0 (Affymetrix) or the PM-only model-based expression method of dChip (Li and Wong, 2001 ; Supplemental Fig. S1 ). Subsequent analysis was carried out on RMA-normalized data, as this method has superior sensitivity and specificity, particularly for differentially expressed genes (Irizarry et al., 2003; Harr and Schlotterer, 2006) . Two-way ANOVA with a 2 3 3 factorial design using R/maanova (Wu et al., 2003) identified significant (adjusted P , 0.01) differences among the treatments and ripening stages. Hybridization of 8,626 probe sets of the 10,038 features on the Affymetrix Tomato GeneChip array differed among all samples. A compilation of the fold changes of the hybridization data for each probe set (annotation date July 17, 2008, by Affymetrix) with P values is given in Supplemental Table S1 . A 1.5-fold change cutoff was applied to select probe sets for further comparison. Figure 5B shows the numbers of probe sets whose expression was significantly up-or down-regulated when MG or RR fruit were either inoculated or wounded, compared with healthy MG or RR fruit, respectively.
In MG fruit, although inoculation with B. cinerea or wounding without inoculation produced similar num- Figure 3 . B. cinerea biomass accumulation during infection of tomato ripening mutants. B. cinerea biomass accumulation at 3 dpi in infected MG fruit (31 dpa) and RR fruit (42 dpa) measured using test strips coated with the monoclonal antibody BC12.CA4 (EnviroLogix). Letters correspond to significant differences between genotypes (P # 0.01; error bars indicate SD; n = 3). FW, Fresh weight. bers of expression changes, infection, but not wounding, up-regulated 308 of 891 (35%) probe sets and down-regulated 296 of 661 (45%) probe sets, suggesting that more than one-third of the expression changes are attributable to infection by B. cinerea and not to wounding (Fig. 5C ). In RR fruit, B. cinerea infection caused the down-regulation of 652 of 1,881 (35%) probe sets and up-regulation of 413 of 1,391 (30%) probe sets (Fig. 5C ). Thus, within 1 dpi in both MG and RR fruit, about one-third of the transcriptome changes are in response to B. cinerea and are not observed when fruit are simply wounded.
B. cinerea-Inducible Gene Expression Changes
In order to identify expression changes due specifically to the fruit-B. cinerea interaction and not as a consequence of wounding or normal healthy fruit development, we selected probe sets whose hybridization intensities significantly increased or decreased in response to B. cinerea compared with both wounded and healthy material (Fig. 6 ). The transcriptional changes that were a result of normal fruit ripening during the experiment were distinguished using comparisons of uninfected fruit.
Comparisons of the probe sets altered by infection uniquely in MG or RR fruit identified genes that are ripening stage-specific responses to infection. In MG fruit, 75% of the probe sets whose expression was changed specifically by B. cinerea infection were not altered when RR fruit were inoculated; in RR fruit, 81% of the probe sets that were specifically up-or down-regulated by infection were not significantly altered in infected MG fruit (Fig. 6 ).
Comparing probe sets altered by infection in both MG and RR fruit identified genes whose induction by infection did not depend on the fruit ripening stage. A total of 36% of the 261 probe sets induced by B. cinerea in MG fruit also were induced in RR fruit, and 12% of the 93 probe sets down-regulated by B. cinerea in MG fruit also were down-regulated by infection in RR Figure 4 . Effect of 1-MCP on fruit susceptibility. Disease incidence (percentage of inoculation sites with soft rot symptoms) for MG and RR AC fruit and rin fruit (42 dpa; i.e. RR equivalent). Immediately prior to inoculation and within 2 h of harvest, fruit were treated for 18 h with air or 15 nL L 21 1-MCP. Asterisks indicate significant differences within each fruit stage and at each dpi (P # 0.05; error bars indicate SD; n = 3). fruit. In RR fruit, the expression of 327 probe sets was induced by B. cinerea, and 28% of these were also significantly up-regulated when MG fruit were challenged with B. cinerea conidia. Only 6% of the 236 probe sets down-regulated by B. cinerea in RR fruit also were down-regulated in MG fruit. Very few (1%) of the probe sets showed an opposite expression pattern at the other ripening stage (Fig. 6 ).
Transcriptional changes observed in both MG and RR fruit in response to B. cinerea suggested pathways activated by B. cinerea regardless of the ripening stage of the fruit. In both ripening stages, oxylipin signaling is activated by the fungus (Table II) . Allene oxide synthase (AOS; AJ271093) expression was increased 3-and 30-fold by infection of MG and RR fruit, respectively. AOS converts lipoxygenase-derived fatty acid hydroperoxides to unstable allene epoxides that are precursors of jasmonic acid, a phytohormone involved in abiotic and biotic stress responses in vegetative tissues, including B. cinerea-infected leaves (Glazebrook, 2005 Itoh and Howe, 2001) . Wounding MG and RR fruit did not induce AOS, DOX1, or loxD expression, although loxD expression was 4.5-fold greater in healthy RR fruit than in healthy MG fruit.
At both the MG and RR stages, B. cinerea caused the up-regulation of the phospholipase D PLDb1 (3.6-fold [MG] and 2.0-fold [RR]; AY013255), which is rapidly and specifically activated in leaves by the fungal elicitor xylanase (Laxalt et al., 2001) .
Inoculation of MG and RR fruit up-regulated three of four hydroxycinnamoyl-CoA:tyramine N-(hydroxycinnamoyl)transferases (THTs): THT1 to THT3 (AY081905) increased 40-and 26-fold in inoculated MG and RR fruit. THTs are involved in hydroxycinnamic acid amide biosynthesis, and in tomato leaves, THT expression is required for the biosynthesis of the antimicrobial metabolites p-coumaroyloctopamine and p-coumaroylnoradrenaline (von Roepenack-Lahaye et al., 2003) . THT1 to THT3 are induced during the incompatible Pseudomonas syringae pv tomato interaction with tomato leaves (von Roepenack-Lahaye et al., 2003) .
Among the responses to B. cinerea shared by MG and RR fruit, expression of Cel1 (U13054), in the b-1,4-endoglucanase family, decreased 2-fold, confirming reports that the Cel1 protein is reduced when tomato leaves or fruit are inoculated with B. cinerea (Real et al., 2004; Flors et al., 2007) .
Although some of the alterations in gene expression in response to B. cinerea are similar in MG and RR fruit, most (75%-80%; Fig. 5 ) of the changes in response to inoculation were specifically activated in only one of the ripening stages (Table II) . Analysis of probe sets up-and down-regulated by B. cinerea infection. Changes in expression levels (log 2 ) are shown for up-regulated (A and B) and down-regulated (C and D) probe sets hybridizing to RNA from MG (A and C) and RR (B and D) fruit. The (a) sets are the probe sets that are not differentially expressed when healthy (H) and wounded (W) RNA samples are analyzed but are up-or down-regulated when infected (I) samples are compared with either healthy or wounded samples. The (b) sets are the probe sets whose expression is significantly increased when wounded samples are compared with healthy samples and is further significantly increased when infected samples are compared with wounded samples. Each line in the plots represents a specific probe set; the heavy red line represents the median expression change (H versus W versus I). The pie charts below each panel indicate how the expression of the probe sets in each collection was changed by infection at the other ripening stage or by ripening. The left pie chart indicates the percentages of probe sets that were up-regulated (red), down-regulated (green), or not differentially expressed (white) when fruit of the other ripening stage were inoculated. The right pie charts depict the percentages of probe sets of each collection that were upregulated (black), down-regulated (gray), or not differentially expressed (white) when RNA samples from healthy RR versus healthy MG fruit are compared. The number of probe sets (PN) in each collection is shown above each panel. However, expression of nearly all of the genes with putative pathogen-responsive functions also increased during normal uninfected fruit ripening (see below); only the class III acidic b-1,3-glucanase, TomQ'a (X74905), increased 1.8-fold in infected MG fruit but did not increase in infected RR fruit. Expression of pathogen-responsive genes in the absence of microbial infection has been reported (e.g. during leaf senescence and fruit ripening; van Loon et al., 2006) . In RR, but not in MG, fruit infection with B. cinerea promoted the expression of the stress response and chaperone genes sHSP (AB026983), HSP90 (BG129203), and Hsc70 (AF096251) and a WRKY family transcription factor, WRKYIId-2 (AY157060). HSP90 is required for Mi resistance in tomato (Bhattarai et al., 2007) , and Hsc70 is involved in tomato responses to Ralstonia solanacearum (Byth et al., 2001 ). Most of the other genes induced by infection of MG or RR fruit have unknown functions.
Fruit Ripening-Associated Transcriptional Changes
Comparisons of the transcriptomes of healthy MG and RR fruit identified genes whose expression changed as a consequence of ripening. A total of 1,901 probe sets were up-regulated and 1,800 downregulated in healthy RR fruit compared with healthy MG fruit. Strikingly, 80% of the 261 transcriptional changes that result from B. cinerea infection of MG fruit also were observed as a consequence of ripening in healthy fruit (Fig. 6) . The correlation between the expression changes due to infection and normal ripening was r 2 = 0.61 (Fig. 7A ). Wound-induced changes correlated less with those occurring as a consequence of ripening (r 2 = 0.08; Fig. 7B ), suggesting that the induction of ripening-related gene expression is a specific response of MG fruit to inoculation with B. cinerea conidia but is not a response to wounding. However, not all of the genes whose expression changed during normal uninfected fruit ripening were induced by B. cinerea in MG fruit; infection of MG fruit altered the expression of about 20% of the genes whose expression is associated with fruit ripening.
In MG fruit, B. cinerea infection caused 5-and 7-fold up-regulation of the two 1-aminocyclopropane-1-carboxylic acid synthases, ACS2 (X59145) and ACS4 (M63490; Fig. 8 ), key enzymes in the ripening-associated ethylene biosynthetic pathway. Expression of ACS2 and ACS4 increased 31-and 139-fold in healthy RR fruit compared with healthy MG fruit. Two other members of the ACS gene family, ACS3 (U17972) and ACS6 (AB013100), whose expression during ripening did not increase ( Fig. 5 ; Nakatsuka et al., 1998), were not induced in MG fruit by B. cinerea, although ACS6 expression was induced 29-fold in infected RR fruit. Wounding did not cause significant changes in ACS2 and ACS4 expression in either MG or RR fruit. In infected MG fruit, expression of a 1-aminocyclopropane-1-carboxylic acid oxidase, ACO1 (X04792), expressed during ripening, increased 1.3-fold (P = 0.002). This change was significant, although it was less than 1.5-fold, and supported the conclusion that the ethylene biosynthetic pathway activated by fruit ripening was induced in MG fruit by B. cinerea. In contrast, wounding down-regulated ACO1 expression by 2.3-fold.
Infection did not change the expression in MG fruit of five of the six known ethylene receptors (LeETR1-LeETR15). LeETR3 (NR; U38666) and LeETR4 (AF118843) expression was 1.4-fold up-regulated by ripening in healthy fruit, as reported by Kevany et al. (2007) . Wounding caused a 2.5-fold decrease in LeETR3 and a 2-fold decrease in LeETR4 expression in MG fruit. Expression of the other components of the ethylene signal transduction pathway, ERF1 (AY044236), EIL1 to EIL4 (AF328786, AF328785, AF328784, and AB108840), and EIN2 (AY566238), was unchanged by infection. Ethylene receptor protein accumulation and turnover, however, provide additional regulation of fruit ripening responses to ethylene (Kevany et al., 2007) .
Expression of the MADS box ripening-regulating transcription factor, RIN (AF448522), increased 16-fold during healthy fruit ripening (Fig. 8) . In B. cinereainfected MG fruit, RIN expression was increased 1.5-fold compared with uninfected MG fruit. The expression of another ripening regulator, NOR (BM410927), was 4-fold down-regulated when MG fruit were wounded and was not significantly changed when MG fruit were challenged with B. cinerea compared with uninoculated unwounded MG fruit. NOR expression increased 1.8-fold during normal healthy fruit ripening.
Expression of the gene encoding the cell wall-modifying enzyme polygalacturonase (LePG; X04583) showed the largest change among all ripening-associated probe sets; it increased 700-fold when expression levels in healthy RR fruit were compared with levels in healthy MG fruit. LePG transcript accumulation increased 6.5-fold when MG fruit were infected with B. cinerea but was unchanged when MG fruit were wounded. LePG expression decreased when RR fruit were infected.
Expansin (LeExp1; AF548376), another fruit ripening protein involved in cell wall polysaccharide disassembly, was up-regulated when MG fruit were either wounded or inoculated (1.4-or 1.5-fold, respectively). As expected, LeExp1 expression was up-regulated in healthy RR fruit by 3-fold compared with healthy MG fruit. In infected RR fruit, LeExp1 was down-regulated by 1.6-fold.
The ripening-associated genes DDTFR10 (AF204784), with unknown function, and Lin5 (AJ272304), an acid invertase, were induced by 2-and 1.6-fold, respectively, following inoculation of MG fruit, but their expression did not change when RR fruit were inoculated or wounded. Expression of these was induced by 2.2-and 2.7-fold in uninfected RR fruit compared with uninoculated MG fruit.
Expression of many of the ripening-associated genes (e.g. LePG, LeExp1, and ACS4) that were induced in MG fruit was down-regulated in RR fruit by B. cinerea. These changes are similar to those reported for gene expression in overripe RR tomato fruit (Brummell and Harpster, 2001; Alba et al., 2005) .
B. cinerea Induced Transcript Changes in Ripening Mutants
To determine whether the transcriptional changes in MG and RR fruit in response to B. cinerea depend on the regulation of ripening, the expression of LePG, LeExp1, ACS4, and TomQ'a in wild-type fruit and ripening mutants was characterized by quantitative reverse transcription (qRT)-PCR, using additional RNA samples from independent collections of infected and uninfected MG and RR fruit (Fig. 9) . The expression of LePG, ACS4, and TomQ'a was not induced in wild-type MG and RR fruit by wounding, as observed in the microarray data. The expected increased expression of LePG, LeExp1, and ACS4 during uninfected wild-type fruit ripening was observed (Figs. 8 and 9 ). In healthy nor and rin fruit at 31 and 42 dpa, LeExp1 expression was lower than that in wild-type MG and RR fruit, respectively. In rin, LePG expression increased from 31 to 42 dpa but remained lower than in wild-type fruit at the RR stage. In nor fruit, LePG expression remained lower than in wild-type MG fruit even at 42 dpa.
The simultaneous expression of LePG and LeExp1 and the subsequent action of the encoded proteins on cell wall polysaccharide networks is critical for fruit susceptibility (Cantu et al., 2008a) , and expression of both genes was induced by B. cinerea in wild-type MG fruit (Figs. 8 and 9 ). In wild-type RR fruit, both LePG and LeExp1 were down-regulated by B. cinerea infection, confirming the microarray data and supporting the conclusion that B. cinerea hastens the progression of RR fruit to the overripe stage, when LePG and LeExp1 expression is lower (Alba et al., 2005) . Among the ripening mutants, only inoculation of rin fruit at the ripe equivalent stage (42 dpa) induced LePG and LeExp1 expression; this induction was not observed in inoculated nor fruit, suggesting that the rin and nor mutations control different B. cinerea-responsive fruit ripening pathways.
To determine whether the ripening-associated ethylene biosynthetic pathway is induced by B. cinerea, ACS4 expression was analyzed. As expected from the microarray data, ACS4 expression was induced in wild-type MG fruit by B. cinerea and by ripening; in wild-type RR fruit, ACS4 expression was reduced by infection (Fig. 9) . In response to B. cinerea, ACS4 expression did not increase and was similar in both the susceptible rin and the resistant nor mutants at 31 and 42 dpa.
In wild-type MG and all ripening mutant fruit at both 31 and 42 dpa, B. cinerea induced the expression of TomQ'a (Fig. 9) , a b-1,3-glucanase gene that has been associated with responses to pathogens (Domingo et al., 1994) . TomQ'a expression decreased when wildtype RR fruit were inoculated, suggesting that the activation of responses to B. cinerea varies as a function of ripening.
DISCUSSION
Development alters susceptibility to pathogens, and tomato fruit ripening is an example of a dramatic developmental transition that has allowed analysis of changes in plant responses to pathogen challenge. In unripe tomato fruit, B. cinerea causes transcriptional and histochemical changes that support the conclusion Developmentally Regulated Susceptibility to Pathogens that some of the responses by the fruit to a pathogen are resistance responses similar to those that have been observed by others in vegetative plant organs (Benito et al., 1998; Diaz et al., 2002; AbuQamar et al., 2006) . Although unripe fruit are resistant to B. cinerea, the interaction with the fungus also results in transcriptional changes that are expressed as uninfected fruit ripen, which suggests that the fungus induces fruit ripening processes that ultimately render ripe fruit susceptible. However, B. cinerea does not activate all of the processes occurring in ripening fruit. Since B. cinerea is able to induce the expression of ripening genes in the rin mutant, whose fruit do not ripen but are susceptible, the pathogen may neither require nor activate all of the pathways that constitute fruit ripening. On the other hand, in ripe fruit, B. cinerea relies on at least some of the processes and events that have occurred during ripening in order to successfully infect the organ. The network of processes associated with ripening and those that are induced by B. cinerea demonstrate that, while resistance responses are elicited by the pathogen, developmental conditions in the host tissue determine the outcome of the fruit-pathogen interaction.
Most developmental processes are composed of networks of independent, related, and potentially redundant pathways and events. During ripening, developmental processes change the composition and structure of the fruit tissue that pathogens encounter. The ripening regulators RIN, NOR, and ethylene pleiotropically control many aspects of fruit ripening, including, it has been assumed, the increased susceptibility to B. cinerea (Giovannoni, 2001 (Giovannoni, , 2007b .
The results presented here demonstrate that mutants of the RIN and NOR transcription factors differ in their impact on the fruit ripening-associated acquisition of susceptibility. Prior to the MG stage, fruit from nor and rin mutants develop normally, but once mature, they fail to soften or synthesize lycopene and carotenoids and evolve ethylene only slightly and at late stages (McGlasson et al., 1975b) . Our results and earlier observations (Lavy-Meir et al., 1989) show, however, that the increased susceptibility of ripe fruit to B. cinerea depends on NOR but not on RIN and only partially on the perception of ethylene by the fruit. Since rin mutant fruit and fruit treated with the ethylene perception inhibitor 1-MCP do not ripen and yet are susceptible to B. cinerea, the properties of ripe fruit that promote susceptibility are not controlled by RIN or ethylene perception. The pathways that are regulated independently and cooperatively by these transcriptional and hormonal ripening regulators are not known, but elucidation of their targets will complete our understanding of what constitutes fruit ripening.
Fruit ripening can be considered a form of regulated senescence (Giovannoni, 2007a) , and B. cinerea, as a necrotrophic pathogen, promotes senescence. In Arabidopsis leaves, expression of senescence genes is upregulated within 24 h after inoculation with B. cinerea (Swartzberg et al., 2007) , and when senescence is accelerated, plants are more susceptible to B. cinerea . The results reported here demonstrating that B. cinerea promotes fruit ripening also support the hypothesis that B. cinerea induces senescence events characteristic of the organ infected, which in this case includes ripening. B. cinerea produces abscisic acid (Marumo et al., 1982; Hirai et al., 1986) and ethylene (Cristescu et al., 2002) ; the former promotes senescence in leaves and the latter promotes ripening in fruit and senescence in vegetative tissues (Alexander and Grierson, 2002; Lim et al., 2007) . Relative expression of LePG, LeExp1, LeACS4, and TomQ'a in tomato ripening mutants in response to B. cinerea assessed by qRT-PCR. Gene expression at 3 dpi in infected MG fruit (31 dpa) and RR fruit (42 dpa) was measured using qRT-PCR. Values are relative to the expression of each of the genes in AC MG healthy fruit (asterisks).
Ethylene production by B. cinerea could account for the promotion of ripening in MG fruit, but inoculated green fruit do not produce detectable amounts of ethylene until 3 dpi, suggesting that ethylene may not be the immediate cause of the ripening promotion induced by the pathogen. In MG unripe fruit, B. cinerea secretes cell wall-degrading enzymes that target fruit wall polysaccharides (P. Shah, D. Cantu, A.L.T. Powell, R. Orlando, C. Bergmann, and G. Gutierrez, unpublished data), and products of the degradation of cell wall pectin in ripening tomatoes promote the production of ethylene and fruit ripening (Campbell and Labavitch, 1991; Melotto et al., 1994) . Thus, B. cinerea itself may produce or cause the production of factors, in addition to ethylene, that indirectly induce fruit ripening. How B. cinerea activates ripening processes will require analysis of infections with fungal mutants that do not respond to, for example, simple sugars or do not produce ethylene. Whether the induction of ripening and the elicitation of defense responses in unripe fruit are induced by the signals from the fungus is a subject for future work. We have observed (D. Cantu, unpublished data) that application of killed B. cinerea mycelia induces defense-like responses similar to those observed when resistant unripe fruit are inoculated with viable spores; further characterization of the transcriptional responses of the fruit to nonviable mycelia is needed to see whether ripening responses also are promoted.
Ethylene may only partially facilitate infections of fruit, since susceptibility is not necessarily averted when ethylene perception is blocked. Nonripening Nr mutant fruit and unripe wild-type fruit treated with sufficient 1-MCP to stop normal ripening remain partially resistant to B. cinerea. Although they perceive ethylene, rin and nor mutant fruit fail to ripen (Herner and Sink, 1973; Tigchelaar et al., 1973; McGlasson et al., 1975a; Giovannoni, 2007b) . Ethylene treatment of rin fruit induces the expression of some ripening-regulated genes (Lincoln and Fischer, 1988) , and wounding rin and nor fruit induces ethylene production (Yokotani et al., 2004) . However, the small reduction in the susceptibility of 1-MCP-treated rin fruit and the limited induction of ACS4 gene expression by B. cinerea infections of rin fruit suggest that ethylene perception may be only partially responsible for the nearly wildtype level of susceptibility observed in rin fruit. Additional ripening events not regulated by rin and not dependent on the perception of ethylene apparently promote susceptibility.
Responses involving phytohormones determine pathogen resistance in vegetative tissues. In leaves, defenses to B. cinerea utilize complex signaling networks involving ethylene, oxylipins, salicylic acid, and abscisic acid (Ferrari et al., 2003; Glazebrook, 2005; AbuQamar et al., 2006; Asselbergh and Hö fte, 2007) . While in both unripe and ripe fruit we have observed that B. cinerea induces the transcription of genes in pathways associated with these hormones, the concurrent promotion of fruit ripening by these hormones may be sufficient to offset their roles in defense responses. In ripe fruit, the accumulated consequences of ripening may attenuate the defense responses, thus leading to susceptibility. The observation that TomQ'a expression is induced in unripe wild-type fruit and in all ripening mutants at both 31 and 42 dpa but is down-regulated by B. cinerea in wild-type ripe fruit supports the conclusion that ripening affects the way fruit respond to the pathogen and what defenses are deployed. How fruit cells perceive and respond to fungal toxins or elicitors, such as cell wall fragments generated by fungal digestion of host cell walls, may also change during ripening (Cô té and Hahn, 1994; Collado et al., 2000; An et al., 2005; van Kan, 2006; Staats et al., 2007) . Although B. cinerea is a necrotroph and hypersensitive responses and cell death have been thought to increase its aggressiveness (Govrin and Levine, 2000; Dickman et al., 2001; van Baarlen et al., 2004 van Baarlen et al., , 2007 , the timely and localized accumulation of antimicrobial substances, hydrogen peroxide, and lignin, all features of a hypersensitive response, effectively prevent expanding infections; the responses are evident in resistant unripe fruit but not in susceptible ripe fruit.
Most studies of plant-pathogen interactions have focused on responses that provide resistance, but the efficacy of the defense responses may depend on events in the host. Plant developmental processes that facilitate susceptibility are an integral part of the host-pathogen interaction and must be considered, as they can offset the defenses deployed or reduce their effectiveness. Tomato fruit ripening includes the progressive and extensive loss of firmness that is largely a result of metabolism of the cell wall polysaccharides (Brummell, 2006; Cantu et al., 2007 Cantu et al., , 2008a . The ripeningassociated disassembly of hemicellulosic and pectic cell wall polysaccharides is known to be severely reduced in rin fruit and apparently is diminished in nor and 1-MCP-treated fruit, since they also have only limited softening (Seymour et al., 1987; Giovannoni et al., 1989; DellaPenna et al., 1990; Maclachlan and Brady, 1994) . We have previously shown that fruit susceptibility to B. cinerea depends on LePG and LeExp1, two proteins that participate in the disassembly of the cell wall, which are expressed in ripe fruit even though B. cinerea secretes its own polysaccharidehydrolyzing enzymes (van Kan, 2006; Cantu et al., 2008a) . Here, we show that B. cinerea infections induce the expression of LePG and LeExp1 in unripe wild-type fruit and in susceptible 42-dpa rin fruit but not in resistant nor fruit. Infection of fruit, however, also results in the decreased expression of Cel1 (GonzalezBosch et al., 1996; Flors et al., 2007) , suggesting that specific aspects of ripe fruit cell wall disassembly are important for susceptibility. Changes in tomato fruit cuticle composition and structure that result from the Delayed Fruit Deterioration (DFD) mutation also contribute to changes in ripening-associated tomato fruit softening and B. cinerea susceptibility (Saladie et al., 2007) .
We do not know whether it is the cell wall polysaccharide architectural integrity per se that limits or facilitates pathogen development. Plant cell walls are the sites of the early events during plant-pathogen interactions (Cantu et al., 2008b) . Cell walls are not only physical barriers that limit pathogen access to cellular contents but are also involved in pathogen recognition and in the activation and deployment of plant responses (Vorwerk et al., 2004; Cantu et al., 2008b) . Many plant proteins that function in pathogen recognition and response are embedded, secreted, or extend into the extracellular cell wall compartment (van Loon et al., 2006) . The remodeling of the cell wall polysaccharide network during fruit ripening may influence how responses to pathogens using these proteins are implemented. When LePG and LeExp1 are expressed as wild-type fruit ripen or when they are induced by B. cinerea, for example, in infected rin fruit, changes in the cell wall may occur that reposition or lead to the loss of antipathogen proteins. Cell wall disassembly may also generate signals, including pectinderived oligosaccharides (Cervone et al., 1989; Côté and Hahn, 1994; Vorwerk et al., 2004; Cantu et al., 2008b ) that activate antipathogen responses, which are inoperative or unavailable before the onset of normal ripening. Alternatively, disassembly of the polysaccharide matrix may simply render the cell wall ineffective as a barrier. By knowing how ripening and the ripening-associated disassembly of the wall polysaccharide matrix alter the population of proteins in this apoplastic compartment and observing the consequences for susceptibility, it will be possible to clarify how the cell wall affects the growth of the fungus.
Our examination of fruit as they undergo ripening documents the developmental plasticity of interactions between the plant organ and the pathogen. This is demonstrated in unripe fruit, where plant responses provide resistance before ripening is complete, and in ripe fruit, where susceptibility is promoted by some, but not all, of the regulators of fruit ripening. The relevance of the resistance responses or the susceptibility facilitation depends on events in the plant tissue. The comprehensive characterization of the defenses of unripe fruit, those ripening functions activated upon inoculation, and the dissection of the ripening regulatorcontrolled pathways that promote fruit susceptibility to B. cinerea opens new possibilities to achieve high quality produce with diminished susceptibility to pathogens. Characterization of the B. cinerea-ripening fruit interaction provides a model of how developmental events in the host profoundly influence the outcome of a plant-pathogen interaction.
MATERIALS AND METHODS
Plant Material
The tomato (Solanum lycopersicum) ripening mutants rin, nor, and Nr and control lines, in the 'Ailsa Craig' background, were obtained from the C.M. Rick Tomato Genetics Resource Center (University of California at Davis).
Plants were grown in typical greenhouse and field conditions in 2007 and 2008 in Davis, California. Fruit were tagged at 3 dpa and harvested at 31 dpa as MG and at 42 dpa as RR. Ripening stages were confirmed by the color, size, texture, and ethylene evolution of the fruit.
Fungal Culture and Fruit Inoculation
Fruit were inoculated as described by Cantu et al. (2008a) . B. cinerea (B05.10) was provided by Jan van Kan (Wageningen University), and a GFPexpressing B. cinerea B05.10 strain was provided by Walter Mahaffee (U.S. Department of Agriculture). Conidia, collected from sporulating cultures grown on 1% potato dextrose agar (Difco), were counted and diluted to 500 conidia mL 21 for inoculations. On the day of harvest, fruit were disinfected by 10% (v/v) bleach followed by three water rinses. Fruit used as wounded or infected material were punctured (2 mm depth, 1 mm diameter) at seven sites; six sites were inoculated with 10 mL of conidia suspension, and the seventh was inoculated with 10 mL of sterile water. Fruit used as wounded material had 10 mL of water placed into the wounded sites. Healthy fruit were not wounded or inoculated. All fruit samples were incubated at 20°C in high humidity. Susceptibility was determined daily as disease incidence (percentage inoculation sites showing symptoms of tissue maceration or soft rot) and severity (diameters of the macerating lesions). The evaluation of susceptibility was repeated three to five times with 10 to 15 fruit per replicate. GFPexpressing B. cinerea was observed with a Bio-Rad MRC 1024 confocal laser microscope (excitation/emission, 488/522 nm). Detection of hydrogen peroxide was performed using 3,3#-diaminobenzidine (Sigma), as described by Thordal-Christensen et al. (1997) . Two percent (w/v) phloroglucinol (Sigma) in concentrated HCl was used to detect lignin deposition. To visualize suberin accumulation, 0.01% (v/w) safranin (Sigma) in 50% ethanol was used as described in Lucena et al. (2003) . Micrographs were taken using a MZFLIII stereomicroscope (Leica) and a DMR series microscope (Leica).
Measurement of B. cinerea Biomass
Fungal biomass was determined using QuickStix for B. cinerea (EnviroLogix; Meyer and Dewey, 2000) as described by Cantu et al. (2008a) . Tissue (0.3 g) at 3 dpi was pooled (nine lesions per pool, three pools per line). The intensity of the monoclonal antibody reaction was determined using the QuickStix Reader (EnviroLogix) and converted into fungal biomass (mg g 21 fresh weight of fruit extracts) based on standard curves using known amounts of dry mycelium diluted into extracts from healthy fruit tissue.
Ethylene Measurement
Daily, three to five fruit were enclosed in air-tight 500-mL glass containers for 1 h at 20°C, and all ethylene measurements were replicated three times; each replicate had three sets of fruit of each treatment and each genotype. Head space gas (10 mL) was withdrawn and injected into a gas chromatograph (Carle) and interfaced to a Chromjet integrator (Spectra-Physics). The concentrations of ethylene were normalized based on standards, on the volume and weight of fruit, and expressed as nL g 21 fresh weight h 21 .
1-MCP Treatment
Fruit were placed in an air-tight chamber containing 100 mg of Ethyl Block (15 nL L 21 1-MCP; Floralife) for 18 h at 20°C. As controls, similarly staged and harvested fruit were placed in an identical closed chamber without 1-MCP. Immediately after treatment, fruit were divided into three replication groups and inoculated and assessed (disease development, ethylene production) as above.
RNA Isolation
Total RNA was prepared from the combined fruit outer pericarp and epidermis within a 0.25-cm radius around and including the inoculation or wounded sites. Each biological replicate consisted of an independent pool of samples from at least five different fruit.
Three grams of tissue was ground in liquid nitrogen, and 3 mL of 100 mM Tris-HCl (pH 8.0), 25 mM EDTA, 75 mM NaCl, 1% SDS, and 10 mM b-mercaptoethanol were added. Three extractions with equal volumes of phenol:chloroform:isoamyl alcohol (25:24:1, v/v/v) and centrifugation for 15 min at 10,000g followed, and the nucleic acids were ethanol precipitated and resuspended in 1 mL of water before 250 mL of 8 M LiCl was added. After precipitation overnight and centrifugation (30 min at 12,000g at 4°C), the RNA pellet was treated with DNase (RNase-Free; Promega) followed by extraction with phenol:chloroform:isoamyl alcohol and two extractions with chloroform: isoamyl alcohol (24:1, v/v). The RNA concentration and purity were measured using a NanoDrop 1000 Spectrophotometer (Thermo Scientific). The RNA integrity was checked by agarose gel electrophoresis.
Target Preparation and Microarray Analysis
Ten micrograms of total RNA was processed for the microarray hybridizations using the Affymetrix GeneChip one-cycle target-labeling kit (Affymetrix). The resultant biotinylated complementary RNA was fragmented and hybridized to the GeneChip Tomato Genome Array (10,038 tomato probe sets for more than 9,200 tomato genes). The arrays were washed, stained, and scanned at the Microarray Core Facility (University of California at Davis School of Medicine). The hybridization data for the probes representing 10,209 probe sets of over 9,200 tomato transcripts on the Affymetrix Tomato GeneChips were imported into R (R Foundation for Statistical Computing; http://www.R-project.org). The raw data were background corrected, normalized, and summarized using the RMA (Irizarry et al., 2003) method in R/affy (http://www.bioconductor.org).
Correlations between replicates are shown in scatterplots in Supplemental Figure S2 . The consistency of the replication was confirmed by hierarchical clustering based on Pearson's correlation coefficient (Supplemental Fig. S1A ). Supplemental Figure S3 shows the correlation of the mean value of the hybridizations when infected MG and RR and wounded samples were each compared with the healthy samples from MG and RR fruit. The hybridization changes comparing healthy MG and RR fruit are shown in Supplemental Figure S3 .
Statistical analysis with ANOVA was done using the R/maanova package with 100 permutations (Wu et al., 2003) . P values were adjusted to cope with the problem of multiple-test false discovery rates (Storey, 2002) using the R/qvalue package. Similar results were obtained using the robust multiple testing approach of Significant Analysis of Microarray (SAM; www-stat. stanford.edu/~tibs/SAM/; Tusher et al., 2001) . SAM analysis identified 7,801 significant hybridized probe sets with an estimated maximum false discovery rate (q value) of 0.01 based on 500 permutations. All of the significant probe sets identified by SAM were also identified by ANOVA; however, SAM did not include 825 probe sets called significant by R/maanova. SAM does not include a method for testing pair-wise differences; thus, pair-wise comparisons were done with the R/maanova package to identify the significantly changed probe set hybridizations (P , 0.01).
qRT-PCR
cDNA was synthesized using Moloney murine leukemia virus reverse transcriptase (Promega) from RNA obtained as described above. Three independent pools of fruit were used. The amplification was performed in a total reaction volume of 20 mL. Reactions included 2 mL of template, 10 mL of Fast SYBR Green Master Mix (Applied Biosystems), 1.8 mL of reverse primer (10 mM), 1.8 mL of forward primer (10 mM), and 4.4 mL of sterile molecular biology-grade water. All PCRs were performed with the same cycling conditions: 95°C for 10 min followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. A melting curve for every target analyzed was included using the following conditions: 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. Tomato actin (LeACT; The Institute for Genomic Research no. TC116117), whose expression did not change in the microarray analysis (AFFX-Les-actin) and among the different amplified samples, was used as an internal control and processed in parallel. Amplification and data analysis were carried out on the ABI StepOne Plus Real-Time PCR System (Applied Biosystems) using, as a sample control, the data for each product obtained from healthy MG fruit. All templates and primer concentrations were optimized for the reactions initially using conventional RT-PCR. Primer sequences are shown in Supplemental Table S2 .
Statistical Analysis
Data were analyzed by ANOVA followed by post hoc testing (Tukey's honestly significant difference) using R (R Foundation for Statistical Computing). For percentage values, statistical analysis was carried out after angular transformation.
The sequence data from this article have been deposited in the National Center for Biotechnology Information's Gene Expression Omnibus (GEO; Edgar et al., 2002) and are accessible through GEO (accession no. GSE14637; http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE14637).
Supplemental Data
The following materials are available in the online version of this article.
Supplemental Figure S1 . Clustering of microarray raw hybridization data and RMA-, MAS5.0-, and dCHIP-normalized data.
Supplemental Figure S2 . Correlations between biological replicates used in the microarray expression analysis.
Supplemental Figure S3 . Effect of wounding, inoculation, and ripening on microarray data sets.
Supplemental Table S1 . Fold changes of the hybridization data for each tomato probe set.
Supplemental Table S2 . Genes and primer sequences for the qRT-PCR assays.
